ABSTRACT The response characteristics of the motor of an electric bus have many differences compared with those of traditional vehicle engines. During frequent acceleration and deceleration, the torque mutation has a severe impact on the transmission system because of the sensitive response characteristics of the electric bus motor. In this paper, an example of an electric city bus driven by a double-motor coaxial series drive system is presented. To reduce the impact on the transmission system caused by motor torque mutation, a model predictive control (MPC) algorithm for vibration suppression of an electric city bus is proposed. In order to deduce the state equation and output equation of the transmission system, the model of transmission system is simplified, and based on the MPC method we describe the multi-objective problem as a weight objective function to obtain the MPC law to solve the optimization problem. In addition, we design a transmission control-MPC controller to achieve vibration control based on the MPC within vehicle control unit (VCU), and then improve the performance of the dynamic response of the transmission system. Finally, simulation and vehicle testing are used to verify the effect of the algorithm. The result shows that the torque control algorithm based on the MPC has a positive effect on suppressing vibration under certain weighting conditions. INDEX TERMS Double motor coaxial series drive system, electric vehicle(EV), model predictive control(MPC), TC-MPC controller, transmission system, vibration control.
I. INTRODUCTION
While driving an electric city bus, drivers should take acceleration or deceleration actions according to the driving conditions, and thus, the transmission system must meet the torque that drivers desire. The torque response characteristics of an electric bus are sensitive, but due to the inertia of the drive system, the elastic deformation of the drive shaft, the transmission gap and other factors may cause obvious impacts on the transmission system.
In this paper, an electric bus driven by a double motor coaxial series drive system was presented as an example. A diagram of the vehicle is shown in FIGURE. 1. The power was transmitted from the drive shaft, main reducer, differential and half-shaft to the wheels. The power supply was achieved by the dual motor coaxial series driving system to create the torque coupling output. In this study, we mainly considered the power source control method, which used the torque response control method to suppress the vibration.
With aspect to the torque response, the control methods utilize the power source to suppress vibration and limit the shock while switching vehicle modes or changing gears. Through the design of the optimal control strategy of a hybrid power system, and by the method of establishing model analysis in different stages, the effect of restraining the disturbance of the system when switching the hybrid mode was achieved [1] . Solutions were also determined by considering the relationship between the drivers' demanded torque and the actual acting torque, using drivers' demanded torque compensation to inhibit the transmission vibration through an LQR controller [2] . As shown in [3] , through automatic tuning vibration suppression based on a genetic algorithm to suppress vibration, it is possible to obtain a stronger effect. By passing the torque through a fuzzy filter and obtaining feedback, the vibration was reduced to a stationary state [4] . Because the model predictive control(MPC) strategy can take in account the plant constraints and nonlinearities with multiple inputs/outputs and handle them in a proper way. Except that it also has a simple and optimal control structure in the sense that it minimizes the errors of the control parameters in order to select a desired switching state [5] - [8] .
Because of these advantages, the MPC control method is used to restrict the ratio between motor torque and the wheel acceleration, so that the ratio is constrained within its safety region, by this, MPC method becomes a feasible solution for real-time control of advanced vehicle dynamic [9] . Currently, the Model Predictive Control (MPC) algorithm is used in the field of vibration suppression in electric vehicles [10] , [11] . A paper was published to describe the method of controlling a parallel hybrid vehicle mode based on MPC to reduce the impact when changing the mode from single drive to parallel drive [12] . In the explicit mode, the EMPC (Explicit MPC) method was achieved from the MPC method, and through the use of EMPC-PI controller, the torsional vibration of the vehicle was effectively restrained [13] . In [14] , the torque vibration of the transmission system was optimized by MPC. The results showed that the active torque control based on MPC could restrain the vibration of the vehicle.
For the interior permanent magnet synchronous motors (IPMSMs) for electric vehicle (EV) applications, a Fuzzy Model Predictive Direct Torque Control(FMPDTC) was proposed, the optimal switching states of the EV can be selected without retuning the weighting factors which means that they are updated depending on the specific operating conditions. Results show that the FMPDTC control has a positive effect even on emergency situation [15] . And for other kinds of motors, a method was presented to use MPC control strategy to found a cost function to weak field and reduce Joule loss strongly. The feasibility and effectiveness of the control method were assessed by MATLAB/Simulink which identified that the method based on MPC has a positive effect on vibration suppression [16] .
In the aspect of vehicle energy recovery and robustness, some researches have focused in it. Liang Li et al. proposed a kind of modified nonlinear model predictive control method which connected with particle swarm optimization algorithm to ensure braking stability while maximizing braking energy recovery [17] . In order to solve the problem that uncertainties resulting from the complex driving condition and powertrain, Chao Yang et al. proposed a novel control method, which integrate multiple controllers with consideration of city-busroute and powertrain configuration. By torque split strategy, fuzzy logic and robust controller the efficiency coupling driving control was fulfilled [18] .
In this paper, we used the Model Predictive Control(MPC) Algorithm to solve the problem between the drive system torque response characteristics and vibration suppression, and the torsional suppression control algorithm based on MPC was proposed. In the section I, the necessary simplified model of the transmission system of an electric city bus was achieved, and we deduced a dynamic model of the system. The actual electric city bus requirements were proposed, and the following parts were described according to the requirements. In section ćò,based on the principle of model predictive control, a TC-MPC controller was designed to realize the vibration shock suppression. The prediction model and the output equation were presented. In the final section, according to the proposed control algorithm, we used a test electric city bus to determine the effect of the algorithm, and combined the real time domain hard constraints with the different working conditions at the same time, verifying the MPC control algorithm by MATLAB/Simulink.
From the experimental verification and simulation results, the torque control strategy based on Model Predictive Control Algorithm and a predictive control method of the motor torque can suppress the vibration of the electric bus powertrain. The proposed method can effectively suppress the impact of the bus without changing the dynamic performance of the vehicle and improve the comfort of the bus. The model predictive control algorithm for vibration suppression control had an obvious effect on the electric city bus, vehicle vibration suppression could be observed visually, and acceleration shock was reduced.
Regarding the robustness of the control strategy, we will focus on it in our next research. VOLUME 6, 2018
II. ESTABLISH TRANSMISSION MODLE A. SIMPLIFIED MODEL
The transmission shaft of the vehicle is the power transmission component between the power assembly and the drive axle, one end of which is connected with the output shaft of the power assembly through a flange, and the other end are connected with the input shaft of the main speed reducer. Generally, the transmission shaft of the electric bus is a hollow shaft, which can be moved in a certain range according to the functional requirements of the transmission shaft. Considering the demand of the research, the cardan shaft is simplified as an elastic body with damping, as shown in FIGURE. 2.
To facilitate the design of the model predictive controller, we simplified the transmission system without considering the effect of internal friction and transmission error, and the bus drive system can be simplified as a stiffness and damping quality model, as shown in FIGURE 3. According to the above requirements, a simplified transmission system dynamics model is established:
(1)
where J e is the rotational inertia of the drive motor, the drive shaft and the input shaft of the main reducer, J w is the inertia of the output shaft of the wheel and the vehicle body, the half shaft and the main reducer, θ e and θ w are the drive motor angle and wheel angle, respectively, ω e and ω w are the motor speed and wheel speed, respectively, c e and c w are the motor equivalent damping and tire equivalent damping, respectively, c and k are the damping and stiffness of transmission system, respectively, i is the reduction ratio of the main reducer, T e and T f are the drive system torque and vehicle driving torque, respectively. All of the parameters mentioned above can be obtained by a real car experiment which has been finished in the previous work. When the electric bus is running at low speed, the air resistance torque can be ignored, and the driving resistance moment is mainly produced from the rolling resistance moment and the slope resistance moment. The driving resistance moment can be expressed as:
where m is the mass of the electric city bus, r w is the tire rolling radius, µ is the rolling resistance coefficient, and α is the road grade. Though the driving resistance T f is hard to measure, in our research, we assume that when we get m, r w and other parameters we can think that the obtained values can reflect the driving resistance.
B. CONTROL DEMAND
The bus drivers utilize the accelerator frequently according to the road condition, and the vehicle driving unit enacts the command quickly, leading to rapid changes of the driving torque that causes vibration and impact to the transmission system, thus affecting the driving comfort of the electric city bus.
To ensure the dynamic response ability of the vehicle, the driving torque T e must respond to the driver's desired torque as much as possible, so that the vehicle acceleration capability is not affected.
Considering that the torque response of the driving motor is decided by the drive system, the bus drive system is constrained by the physical structure. Based on the analysis, a model predictive control method is proposed to realize the vibration suppression of the vehicle powertrain control, which can better achieve the multi-objective control requirements and consider the system in terms of time domain constraint problems.
III. CONTROL SCHEMME BASED ON MPC
In the driving simulator, the analogue signal which the drivers via the accelerograph is transmitted to the VCU (Vehicle Control Unit) by hard wire, where the VCU analyzes and calculates the driver's desired torque based on gear, speed and other information, as show in FIGURE 4. The desired torque is transmitted to the drive system by CAN to achieve driving control.
In this paper, the TC-MPC controller is designed based on the principle of MPC to control the vibration. The flow chart of the optimal torque control strategy is shown in FIGURE 5(a). The TC-MPC controller is marked by the dotted line in the figure.
To reflect the problem of torsional vibration of the bus drive system, the drive system torque was selected as the control system, the torsional velocity of the transmission system was chosen as the controlled quantity, the expected value ω = 0 was the reference input, and the output of the system was the torsional speed of the transmission system. Then making the optimal torque followed the driver's desired torque as closely as possible.
A. MODEL PREDICTION AND OUTPUT EQUATION
According to the control requirements of the TC-MPC controller, select the twist angle (θ e /i) − θ w , motor speed ω e and wheel speed ω w as the state variables, the drive system of generalized torque T e as the input variables, and the torsional speed ω as the output variables, and T f is the measurable disturbance. Therefore, the state space expression of the dynamic model of the transmission system is shown in the following formula:
where x = (θ e /i) − θ w ω e ω w , u = T e , d = T f , and
Next, to collect the data from the system conveniently, the state equation is discretized by the sampling period T S , and the discrete model is as follows:
where
The prediction time domain and the control time domain are expressed as N p and N u , respectively. According to the principle of model predictive control, the state vector x(k) is used as the initial condition of the control when the time is k to predict the torsional speed of the transmission system. To derive the prediction equation, we make the following assumptions:
1) The control quantity remains out of the control time, which is expressed as: (6) 2) The measurable interference remains unchanged after the time of k, which can be expressed as:
Therefore, we can predict the state between k + N u and k + N p :
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The output from k + 1 to k + N p can be predicted by the state equation:
Therefore, the prediction of the future output N p can be calculated by the prediction equation:
where S x , S u and S d are
. . .
B. PROBLEM OPTIMIZATION AND FEEDBACK CONTROL LAW
As mentioned earlier, in order to reduce the vibration of the vehicle transmission system, the amplitude of ω should be reduced and reach ω = 0 as soon as possible. At the same time, the driving torque T e should be made to responds to the driver's desired torque T eq as much as possible. Thus, the optimization problem can be described as:
where the value of || y (Y c (k + 1|k) − R e (k + 1))|| 2 enables the prediction output to track the future reference value. This setting can reduce the transmission speed difference, reducing the impact on the system. The || u (U (k)−U r (k))|| 2 can cause the output torque to follow the desired target torque, and improve the performance of the transmission response. Define the auxiliary variables:
The optimization objective function can be expressed as:
Now, we make the following definitions:
The optimization problem can be transformed into:
We have:
Thus, the extreme value is: Therefore, we can determine that in the time of k, the optimal control sequence is:
Therefore, the closed loop control law is:
. Therefore, the discrete closed-loop control system can be express as:
According to the standard form of the two programming problems, we have eq. (26)- (30):
We can judge that if H > 0, it means that there is an optimal solution of the optimization problems U * (k). Make the first element of the control sequence acts on the system, and at the next time, updates the optimization problem with the new measurement value, and repeat the solution step. This process is repeated at each sampling time to realize the torsional vibration control of the transmission system.
IV. SIMULATION ANALYSIS AND EXPERIMENTAL VERIFICATION
In this section, we use MATLAB/Simulink and real bus experiment to verify the effectiveness of the control algorithm based on model predictive control and judge the algorithm. Using the MATLAB/Simulink simulation environment to build the simulation model, the model of the simulation system is shown in FIGURE 6. According to the requirements of the vibration suppression for the longitudinal driving, different working conditions are considered to design a simulation test.
The experimental system parameters are shown in Table 1 . In order to improve the development efficiency of the control VOLUME 6, 2018 system, the dSPACE-based control strategy verification is used, combined with the dual-motor powertrain test bench shown in FIGURE 7. And the data interaction is performed through MicroAutoBox. The prediction time domain for the model predictive controller is N p = 60, and the control horizon is N u = 12. 
A. PLAIN PAVEMENT
To test the effectiveness of the model predictive control using MATLAB/Simulink, firstly, we verify the simulation without MPC. The desired torque is 710 Nm, lasting 1 s, and after 3 s clearing the data, and the result of the simulation is shown in FIGURE 8. We can see that the execution torque can meet the torque requirement, but the maximum motor response frequency is limited, and there is a certain delay in the response characteristics of the actual torque response. When the driver operates the accelerator pedal quickly, there is a severe impact on the system. As shows in FIGURE 9. and FIGURE 10. When the time is 1 s and 3 s the amplitudes of the transmission system are 2.0rad/s and 2.2rad/s respectively. The maximum values of the vehicle longitudinal acceleration at the corresponding times are 1.2m/s 2 and −0.17m/s 2 , respectively, as shown in FIGURE 11 , along with the value of acceleration vibrations when the torque changes. Thus, the more intense the driver operates, the greater the impact is. Then, in the same simulation environment, we verify the simulation results with MPC. From the formula derivation, we can come to the conclusion that different weighting coefficients y and u have obvious influences on the control effect.
The simulation shows that the higher the u is, the faster the torque follows. To obtain a better contrast effect, we set y = 1, so to cause the torque response to be fast, medium and slow, we select u = 2000, u = 500, and u = 100 respectively.
When the weighting coefficient is y = 1 and u = 2000, the simulation result with MPC is shown in FIGURE 12. The executed torque can follow the demanded torque, the greater the weighting parameter u is, the better the torque follow the desired value. The amplitudes of the vibration at 1 s and 3 s are 1.5rad/s and 1.6rad/s, respectively, and the values of the acceleration are 1.05m/s 2 and −0.09m/s 2 at the same time. We can judge that the abrupt change of the acceleration is more stable. And thus, the vibration and impact of the acceleration have been effectively suppressed, as shown in FIGURE 13, 14, and 15. According to the simulation results, the Model Predictive Control algorithm can effectively suppress the vibration impact on the system, and the effect of torque tracking is good.
Similarly, we simulate the model with the weighting coefficients y = 1, u = 500 and y = 1, u = 100, and the results are shown in FIGURE 16, 17, respectively. We can see that the executed torque follows the demanded torque well. For the vibration impact, in the same input order, when u = 500, the amplitudes of transmission vibration are 1.0rad/s and 1.1rad/s at 1 s and 3 s, respectively. The longitudinal accelerations at the corresponding times are 1.0m/s 2 and −0.08m/s 2 , respectively, and acceleration impact is not obvious. When u = 100, the amplitudes are 0.75rad/s and 0.8rad/s, and the longitudinal accelerations are 1.0m/s 2 and −0.08m/s 2 , respectively. Here the acceleration impact is also not obvious.
B. TYPICAL RAMP PAVEMENT
In this section, the effect of the Model Predictive Control on vehicle vibration suppression is analyzed under the condition of rolling resistance and ramp resistance. The slope is 5%, and the simulation condition is shown in FIGURE 18 .
In the same input order, the amplitude of the vibration impacts at 1 s and 3 s are 1.05rad/s and 1.1rad/s, respectively, and the maximum values of acceleration at the corresponding times are 0.6m/s 2 and −0.52m/s 2 . However, due to the ramp change, the value of acceleration has changed. 
C. EXPERIMENTAL VERIFICATION
To verify the effect of the proposed torque model predictive control strategy, a test is performed. The main target of the experiment is to investigate the transmission vibration during the torque mutation process.
Based on the requirements of the experiment, we developed a VCU based on RENESAS UPD70F single chip computer (SCM) as shown in FIGURE 24. The maximum operating frequency of the SCM is 32MHz.
VCU carried on the data acquisition and control to the vehicle through CAN bus, an independent CAN bus was used to control the electrical motor, the sampling speed was 250 kbit/s shown in FIGURE 5 (b) .
In order to distinguish the vibration situation of the system under different control strategy, we download the MPC control method to VCU. The experiment is carried out on a prototype car on a chassis dynamometer. Before the experiment, the vehicle drives at a stable low speed of approximately 15 km/h on the chassis dynamometer, and then, driver accelerates the pedal rapidly to the maximum speed, releasing the accelerator quickly after 1 s. To verify the torque control strategy better, we performed the experiments based on the original control strategy and MPC strategy respectively. Each experiment was repeated, and the data was analyzed.
In the original control strategy, the driver accelerates slowly, maintains the speed, then reaches the maximum speed for approximately 1 s and releases the pedal rapidly.
The drive system torque output is shown in FIGURE 19 . A sudden increase in the torque is seen at 20.03 s, and at 22.01 s the torque decreases quickly. The angular velocity In the angular velocity curve of FIGURE 20, a pronounced amplitude mutation is visible when the torque changes. During the process of loading the torque and withdrawing the torque, the maximum amplitude of the angular velocity is 0.9rad/s and 0.56rad/s, respectively. When performing the experiment, the vehicle experienced a significant impact. The main reason for the phenomenon lies in the fact that when the driver treadles the pedal suddenly, the pedal maps the torque of the transmission system directly under the original control strategy. Because of the greater torque caused by the transmission system, the torque mutations cause the vibration, and the vehicle experiences longitudinal impact.
Under the same conditions, we updated the VCU program and added the function of MPC. The driver drove as the previous requirements. The torque output figure is shown in FIGURE 21 . At 20.78 s there is a sudden increase in the torque, and the torque decreases at 22.36 s. The angular velocity of the transmission system and the local angular velocity of torque at 20.5 s and 22.5 s are shown in FIGURE 22. From FIGURE 22, we can see that the angular velocity vibration is not obvious with the torque mutation, and the maximum amplitudes of the angular velocity are 0.25rad/s and 0.2rad/s respectively which are less than those under the original control strategy. Thus, there is no significant impact. From the view of the simulation, the MPC strategy has a significant effect on transmission vibration, and the lower the weight coefficient u is, the weaker the vibration is, causing the vehicle longitudinal comfort improvement to become more obvious. The acceleration of the vehicle is smoother, so there is almost no vibration and shock. In the case of torque tracking, the smaller the weight coefficient u is, the weaker the effect of torque tracking is, and from the view of the simulation, when the u = 100, the torque response is obviously delayed. This is the same result as that seen in the analysis of the effect of the weight coefficient.
Through the comparison of different weight coefficients for fast, moderate and slow scenarios, the MPC can effectively suppresses the vibration of the transmission system, but different coefficients have different control functions.
From the point of view of the control effect, when u = 2000, the torque tracking is effective and close to the response characteristics of the transmission system, though the vibration impact on the transmission system has been restrained, the effect of vibration shock suppression is unremarkable.
When u = 100, the torque tracking deteriorates with a decrease in the weight coefficient, the torque response time increases to 0.5 s, but the vibration shock suppression effect on the transmission system is obvious. Compared with no control, there is a significant improvement.
The control effects of different weight coefficients are different. The simulation results combined with requirement of the dynamic performance of the city bus show that, when the coefficient u = 500 the effect of vibration suppression can be achieved while not unduly influencing the torque response of the vehicle. The model predictive control also has a positive effect of vibration suppression on the ramp.
The experimental bench is different from the vehicle in terms of transmission. The powertrain is connected to the dynamometer through mechanical coupling. Compared with the vehicle transmission system, the damping and stiffness have undergone major changes. Therefore, the bench test cannot quantitatively reflect the actual vibration of the vehicle. While, from the control point of view, the nature of the driveline has not changed, so the bench test can qualitatively analyze the impact of the control method of vibration.
In the experiment, from the analysis of different control strategies, based on the MPC torque control strategy, though there is mutation of the accelerator pedal, after the signal transmits to the MPC controller, the output torque deviates from the real torque. It is this deviation effect that makes the torque change more gently so that the vibration of transmission system is reduced and the vehicle longitudinal comfort improved. According to the torque response effect based on the MPC strategy and the comparison with the effect of the original control strategy shown in FIGURE 23, there is the same trend of the torque responses based on the MPC control and original strategy to ensure the constant basic performance of the vehicle. However, with the control of the MPC strategy, the torque response becomes gentler at 0 s and 2 s. The torque response deviates from the driver's command in a certain range, and thus plays an important role in suppressing the shock.
V. CONCLUSION
In this paper, we discussed the vibration suppression for an electric bus with a coaxial series dual motor drive system at the torque response level to address problems between the drive system torque response characteristics and vibration suppression. We considered using an MPC algorithm to solve the problem. First, we proposed a control algorithm of torsional suppression based on Model Predictive Control. Then, the simplified dynamic model of the transmission system was obtained by simplifying the transmission system model. Based on this, a series of control requirements were proposed. Under the control requirements, the MPC algorithm was used to design the TC-MPC controller to suppress the vibration of the system, and the prediction equation and the output equation were derived, forming the optimization problem and its feedback control law. After the theoretical analysis, the simulation analysis and real vehicle testing were performed. The simulation results show that the model predictive control algorithm has a significant effect on the vibration suppression of the transmission system. It was also found that the smaller the weight coefficient is, the weaker the vibration of the vehicle transmission system will be. After the signal transmits to the MPC controller, the output torque deviates from the real torque. It is this deviation effect that causes the torque to change more gently and that reduces the vibration of the transmission system.
In this paper, a torque control strategy based on Model Predictive Control Algorithm and a predictive control method of the motor torque was proposed to suppress the vibration of the electric bus powertrain. The proposed method can effectively suppress the impact of the bus without changing the dynamic performance of the vehicle and improve the comfort of the bus.
In general, the torque control strategy is based on MPC, the algorithm has played an important role in suppressing the impact on the vehicle without changing the performance of the vehicle, and the control effect is obvious.
However, it should be noted that the robustness of the control strategy still needs to be considered, which relates to the safety of the strategy. Therefore, in the following studies, we will focus on the robustness of the MPC control strategy. 
